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E-mail address: ogmen@uh.edu (H. Ög˘men).When objects move in the environment, their retinal images can undergo drastic changes and features of
different objects can be inter-mixed in the retinal image. Notwithstanding these changes and ambigui-
ties, the visual system is capable of establishing correctly feature–object relationships as well as main-
taining individual identities of objects through space and time. Recently, by using a Ternus–Pikler
display, we have shown that perceived motion correspondences serve as the medium for non-retinotopic
attribution of features to objects. The purpose of the work reported in this manuscript was to assess
whether perceived motion correspondences provide a sufﬁcient condition for feature attribution. Our
results show that the introduction of a static ‘‘barrier’’ stimulus can interfere with the feature attribution
process. Our results also indicate that the barrier stops feature attribution based on interferences related
to the feature attribution process itself rather than on mechanisms related to perceived motion.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
When objects move in the environment, their retinal images can
undergo drastic changes. For example, features that deﬁne an ob-
ject, such as shape, size, color, and texture, can change when differ-
ent perspective views of the object become exposed. In addition to
these changes, features of different objects can be inter-mixed in
the retinal image due to occlusions among objects. Notwithstand-
ing these changes and ambiguities, the visual system is capable of
establishing correctly feature–object relationships (e.g., Boi,
Ög˘men, Krummenacher, Otto, & Herzog, 2009; Cavanagh,
Holcombe, & Chou, 2008; Kawabe, 2008; Nishida, 2004; Nishida,
Watanabe, Kuriki, & Tokimoto, 2007; Ög˘men & Herzog, 2010;
Ög˘men, Otto, & Herzog, 2006; Otto, Ög˘men, & Herzog, 2006; Schar-
nowski, Hermens, Kammer, Ög˘men, & Herzog, 2007; Shimozaki,
Eckstein, & Thomas, 1999;Wilson & Johnson, 1985) aswell asmain-
taining individual identities of objects through space and time (e.g.,
Cavanagh & Alvarez, 2005; Fehd & Seiffert, 2008; Horowitz et al.,
2007; Pylyshyn & Storm, 1988; Scholl & Pylyshyn, 1999; Tripathy,
Narasimhan, & Barrett, 2007).
In order to investigate systematically how the visual system
attributes features to objects, we have used a stimulus known as
the Ternus–Pikler display (Pikler, 1917; Ternus, 1926; rev., Petersik
& Rice, 2006) and pitted retinotopic feature correspondences
against non-retinotopic grouping-based feature correspondencesll rights reserved.
l and Computer Engineering,
. Fax: +1 713 743 4444.(Ög˘men et al., 2006). Fig. 1 shows a typical Ternus–Pikler display,
where the ﬁrst stimulus-frame contains three simple elements
(vertical line segments with a small gap in the middle). This ﬁrst
stimulus-frame is followed by a blank screen with an Inter-Stimu-
lus Interval (ISI) of a given duration, which in turn is followed by a
second stimulus-frame. The second stimulus-frame contains the
same elements as the ﬁrst stimulus-frame with the exception that
the elements are shifted by one inter-element distance so that two
of the three elements occupy identical positions in the two stimu-
lus-frames (Fig. 1). The percept induced by this stimulus depends
critically on ISI (Pantle & Picciano, 1976). When ISI is short, element
motion (EM) is perceived, i.e., the leftmost element in the ﬁrst stim-
ulus-frame is perceived to move to the rightmost element in the
second stimulus-frame while the other two elements are perceived
to remain stationary. When ISI is long, group motion (GM) is per-
ceived, i.e., the three elements appear to move in tandem as a
group as depicted in Fig. 1.
In order to study feature attribution, a Vernier offset was in-
serted in the central element of the ﬁrst stimulus-frame and
observers were asked to report, in different sessions, the perceived
Vernier offset (left of right) of each of the three elements in the sec-
ond stimulus-frame (labeled 1, 2, and 3 in Fig. 1). Naïve observers
did not know where the Vernier offset was inserted in the stimulus
and reported what they perceived. If features were processed and
attributed according to their retinotopic representations, one
would expect the Vernier information of the central element of
the ﬁrst stimulus-frame to be integrated with the element labeled
1 in the second stimulus-frame, provided that ISI is within the tem-
poral integration window. In contrast to this prediction, our results
1 2 3 1 2 3
Probe Vernier
Element Motion (EM) Group Motion (GM)
Stimulus-Frame 1
Stimulus-Frame 2
ISI0 ms 100 ms
Fig. 1. The Ternus–Pikler display and its use in probing non-retinotopic feature
attribution. When ISI is short (left panel) element motion (EM) is perceived.
The dashed arrows indicate the perceived motion correspondences between the
elements in the two frames. The leftmost element appears to move to the rightmost
element while the other two elements appear stationary. When ISI is long (right
panel), group motion (GM) is perceived, i.e., the three lines appear to shift
rightwards as a group as depicted by the dashed arrows. A ‘‘probe-Vernier’’
stimulus is inserted to the central element of frame 1 and observers are asked to
report the perceived Vernier-offset for one of the three elements, labeled 1, 2, and 3,
in the second frame. According to retinotopic feature processing, the Vernier
information should be integrated with Element 1 of second frame. If feature
processing is carried out non-retinotopically according to perceived motion
correspondences (dashed arrows), the Vernier information should be integrated
with the element labeled 1 in the case of EM and the element labeled 2 in the case
of GM.
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the ﬁrst stimulus-frame is integrated not with its retinotopic
match (Element 1) but with its perceptual-grouping match (Ele-
ment 2; Ög˘men et al., 2006). We suggested that this non-retinotop-
ic feature integration is a manifestation of visual computations that
attribute features to objects according to prevailing grouping rela-
tions in order to maintain feature–object relations across space and
time. Our results also suggest that perceived motion-correspon-
dences between stimuli positioned at different retinotopic loca-
tions are necessary for non-retinotopic feature attribution to take
place (Boi et al., 2009; Breitmeyer, Herzog, & Ög˘men, 2008; Otto
et al., 2006; Otto, Ög˘men, & Herzog, 2008; Ög˘men et al., 2006).
The goal of this paper was to investigate whether perceived motion
correspondences between the elements in the Ternus–Pikler dis-
play constitute a sufﬁcient condition for feature attribution. In par-
ticular, we investigated whether the introduction of a static
stimulus (‘‘barrier’’) would interfere with feature attribution.2. Experiment 1: A barrier to non-retinotopic feature
attribution?
2.1. General materials and methods
Visual stimuli were generated via the visual stimulus generator
card (VSG 2/5) manufactured by Cambridge Research Systems. The
card was programmed by using its driver library and the stimuli
were displayed on a 22-in. color monitor set at a resolution of
800  500 with a refresh rate of 160 Hz. The distance between
the monitor and the observer was 97 cm. The room in which the
experiments were conducted was dimly illuminated by the light
coming from the image on the screen. A head-chin rest was used
to aid the observer to keep his/her head still while ﬁxating his/
her eyes on the ﬁxation point displayed at the center of the mon-
itor. Although we did not monitor eye movements, our previous
studies indicate that observers are able to keep a stable ﬁxation
while viewing the Ternus–Pikler displays (Boi et al., 2009; Ög˘menet al., 2006). The visual stimuli were presented on a uniform back-
ground. Practice sessions were run before the experimental ses-
sions in order to familiarize the observer with the apparatus and
the task. The results of the practice sessions were not included in
the data analysis. Behavioral responses were recorded for off-line
analysis via a joystick connected to the computer which drives
the VSG card.
There were a total of eight participants, six of whom were una-
ware of the purpose of the experiments. The age of the participants
ranged from 25 to 51 years. In each experiment, there were 3–4
participants, with majority naïve to the purpose of the experiment.
All participants had normal or corrected-to-normal vision. The
experiments were undertaken with the permission of The Univer-
sity of Houston Committee for the Protection of Human Subjects.
Informed consent was obtained from the participants before the
experiments were conducted.
2.2. Experimental methods for Experiment 1
In the ﬁrst experiment we had three conditions. The ﬁrst two
conditions were essentially repetitions of previous experiments
(Ög˘men et al., 2006) with the aims of (i) determining the range
of performance-levels across observers, (ii) assessing the ability
of observers to focus their attention on individual elements in
the display (Condition 1), (iii) replicating our previous ﬁndings
(Condition 2) so that a variant of the stimulus with the new barrier
modiﬁcation (Condition 3) can be introduced and contrasted with
the no-barrier condition.
2.2.1. Condition 1: No-motion control stimulus
The control display consisted of two frames each having two
line elements (Fig. 2a). Each element was 21.3 arcmin long includ-
ing a vertical gap of 1.1 arcmin in the center. The horizontal dis-
tance between the elements in a given frame was 14.9 arcmin.
The luminance of the elements was 4 cd/m2 on a background lumi-
nance of 40 cd/m2. The elements were presented at the same spa-
tial locations in Frame 1 and Frame 2. In other words, this
condition corresponds to a stimulus that contains only the spatially
overlapping elements of the Ternus–Pikler display. Without the
ﬂanking elements, no motion is perceived. A Vernier offset was in-
serted into Element 1 of Frame 1 (‘‘probe-Vernier’’, hereafter). The
Vernier offset was set to 64 arcsec. This offset generated in the con-
trol condition (Fig. 4) a performance ranging from 77% to 89%
across the observers. The direction of the Vernier offset (right or
left) was randomized from trial to trial. Each frame lasted for
70 ms and the two frames were separated by an ISI which was
either 0 or 100 ms. There was no physical offset in either element
of Frame 2. Only one element of Frame 2 was attended in a given
session and the position of the element to which the observer
was required to attend was prompted by the experimenter before
each session. The task of the observer was to report the perceived
direction of the Vernier offset (right or left) in the attended ele-
ment. Our dependent variable was the percentage of responses in
agreement with the offset direction of the probe-Vernier. Each ses-
sion consisted of 80 trials and the two ISI conditions were run in
separate sessions. Each observer participated in at least two ses-
sions for each combination of the ISI and the attended element.
Throughout the experiment, a ﬁxation point was provided halfway
between Element 1 and Element 2.
2.2.2. Condition 2: Ternus–Pikler stimulus
Stimulus parameters, design, and task were the same as in Con-
dition 1 with the exception that each frame contained three ele-
ments. The three elements in Frame 1 were shifted to the right
in Frame 2 by an inter-element separation so that the rightmost
two elements of Frame 1 spatially overlapped with the leftmost
Fig. 2. (a) The stimulus used in Condition 1. A Vernier offset was inserted into the left element of Frame 1. This stimulus consists of Ternus–Pikler display with the two
ﬂanking elements (the leftmost and the rightmost elements in Frames 1 and 2, respectively) deleted. Without the ﬂanking elements, no motion is perceived. (b) The Ternus–
Pikler stimulus used in Condition 2. A Vernier offset was inserted into the middle element of Frame 1.
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serted to Element 2 of Frame 1. The direction of the Vernier offset
(right or left) was randomized from trial to trial. Each frame lasted
for 70 ms and the two frames were separated by an ISI which was
either 0 or 100 ms. Only one element of Frame 2 was attended in a
given session and the position of the element to which the obser-
ver was required to attend was prompted by the experimenter be-
fore each session. The task of the observer was to report the
perceived direction of the Vernier offset (right or left) in the
attended element. Our dependent variable was the percentage of
responses in agreement with the offset direction of the probe-
Vernier. Each session consisted of 80 trials and the two ISI condi-
tions were run in separate sessions. Each observer participated in
at least two sessions for each combination of the ISI and the at-
tended element. Throughout the experiment, a ﬁxation point was
provided halfway between Element 2 and Element 3 of Frame 1.2.2.3. Condition 3: Ternus–Pikler with a barrier
We introduced a static barrier between the elements of the Ter-
nus–Pikler display to investigate whether and how feature attribu-
tion is affected by the presence of this barrier. All stimulus
parameters, the design, and the task were the same as in Condition
2 except that a long vertical line, serving as a barrier, was inserted
between the elements of the Ternus–Pikler display (Fig. 3). The
barrier was 29.9 arcmin tall and positioned either halfway be-
tween Element 1 and Element 2 of Frame 2 or halfway between
Element 2 and Element 3 of Frame 2 (Fig. 3). In the former case,
the barrier was on the path of feature attribution for 100 ms ISI
(from the central element of Frame 1 to Element 2 of Frame 2).
In the latter case, the barrier was outside the path of feature attri-
bution regardless of the ISI. The luminance of the barrier was 4 cd/
m2. The barrier turned on 600 ms before stimulus-Frame 1 ap-
peared and turned off 600 ms after stimulus-Frame 2 disappeared.
The two barrier conditions were run in separate blocks. Each
session consisted of 80 trials. In a given session, either Element 1
or Element 2 of Frame 2 was attended. Each observer participatedin at least two sessions for each combination of the ISI, and the at-
tended element. The No Barrier condition served as a baseline.2.3. Results
Fig. 4 shows the results for Condition 1 and Figs. 5 and 6 show the
results for Conditions 2 and 3. Overall, these data replicate our
previous ﬁndings well (Ög˘men et al., 2006). Starting with Condition
1 (Fig. 4), there was a signiﬁcant main effect of attended element
[F(1, 3) = 59.343, p = 0.005] but not of ISI [F(1, 3) = 0.445, p = 0.5
53]. The interaction between the attended element and ISI was not
signiﬁcant [F(1, 3) = 1.276, p = 0.341]. The percentage of responses
in agreement with the offset direction of the probe-Vernier is high
only if observers attend to Element 1 of Frame 2 while the perfor-
mance for Element 2 of Frame 2 is almost at chance level. The high
performance for Element 1 is expected from the retinotopic tempo-
ral integration in the visual system.
Since the estimates of visible persistence lie in the range of
100–120 ms for static objects (Coltheart, 1980), the visible persis-
tence of the probe-Vernier can survive the ISI. This sustained activ-
ity can be temporally integrated with the activity elicited by Frame
2 presented at the same retinotopic location.
In addition, the close-to-chance performance for Element 2
rules out the explanation that the high performance for Element
1 is due to the use of 2-alternative forced choice paradigm forcing
observers to use the offset information available in Frame 1 to per-
form the task regardless of the position of the probe-Vernier. If, in
the absence of a Vernier offset at the attended element, observers
were using the Vernier information available in Frame 1, this
would predict high performance for Element 2 as well. Our data
do not support this hypothesis and indicate that observers can fo-
cus their attention on individual elements in the Ternus–Pikler
display.
Figs. 5 and 6 plot the results for the Ternus–Pikler display. At
0 ms ISI (Fig. 5), in which EM percept is dominant, there is a signif-
icant main effect of attended element [F(1, 2) = 37.516, p = 0.026]
Frame 1 (70 ms)
ISI (0 or 100 ms)
Frame 2 (70 ms)
1 2 3
Probe Vernier Barrier on the path
Barrier outside the path of 
feature attribution
Barrier on the path of 
feature attribution
Frame 1 (70 ms)
ISI (0 or 100 ms)
Frame 2 (70 ms)
1 2 3
Probe Vernier
Barrier 
outside 
the path
Fig. 3. Stimulus display for Condition 3. The stimulus was identical to the one used in Condition 2 (Fig. 2b) with the exception that a barrier was inserted either halfway
between Element 2 and Element 3 of Frame 2 (outside the path of feature attribution; left panel) or halfway between Element 1 and Element 2 of Frame 2 (on the path of
feature attribution; right panel). The task of the observer was to report the perceived direction of the Vernier-offset (right or left) in Element 1 or Element 2 of Frame 2.
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Fig. 4. Results for Condition 1. The perceived direction of the Vernier offset in
Element 1 and Element 2 of Frame 2 (see Fig. 2a) was reported at 0 ms (squares) and
100 ms (circles) ISIs. The dotted horizontal line represents chance level. Error bars
represent ±1 SEM (N = 4).
1 Above chance-level performances for Element 1 at 100 ms ISI and for Element 2 at
0 ms ISI might be due to the fact that in a relatively small percentage of trials, EM and
GM are perceived, respectively (see Fig. 9). Above chance-level performance for
Element 1 at 100 ms ISI might additionally be due to the residual visible persistence
of the probe-Vernier at this retinotopic location.
1864 M. Aydın et al. / Vision Research 51 (2011) 1861–1871but not barrier condition [F(2, 4) = 0.2, p = 0.827]. The interaction
between the attended element and barrier condition is not signif-
icant [F(2, 4) = 0.091, p = 0.915]. Since, in element motion, the
probe Vernier is perceptually associated with its retinotopic pair
(Element 1 of Frame 2; see Fig. 1), the results are similar to the reti-
notopic integration found in the No-motion control condition
(Fig. 4). The results for the No Barrier condition are in agreement
with our previous study (Ög˘men et al., 2006) and the results for
the two barrier conditions show that the introduction of a barrier
has no signiﬁcant effect on retinotopic integration.
On the other hand, at 100 ms ISI (Fig. 6), in which GM percept is
dominant, neither the attended element nor the barrier condition
have signiﬁcant main effects [F(1, 2) = 0.153, p = 0.733; F(2, 4) =
1.134, p = 0.407, respectively]. However, the interaction between
the attended element and the barrier condition is signiﬁcant
[F(2, 4) = 7.813, p = 0.042]. In accordance with a GM percept, Ele-
ment 2 of Frame 1, which carries the probe-Vernier, is now percep-
tually grouped with Element 2 of Frame 2. For the No Barriercondition, the performance is highest for Element 2, replicating
our previous ﬁndings (Ög˘men et al., 2006)1. When the barrier is
on the path of non-retinotopic feature attribution, performance for
Element 2 drops to a near-chance level compared to the No Barrier
case. These results indicate that a barrier on the path of non-retino-
topic feature attribution can stop the feature attribution. Stopping of
non-retinotopic feature attribution does not, however, obliterate fea-
ture integration; as one can see from Figs. 4–6, the results for the
Barrier on the path condition are similar to the retinotopic integration
case.
When the barrier is placed outside the path of non-retinotopic
feature attribution, the results are dichotomic: While the barrier
had little interference with feature attribution in two of the
observers, in one observer it had a strong interference comparable
to the barrier placed on the path of feature attribution. To summa-
rize, a barrier placed in the path of feature attribution has a consis-
tent effect of interfering with non-retinotopic feature attribution
and leading to retinotopic, instead of non-retinotopic, integration.
On the other hand, the effect of a barrier placed outside of the path
of feature attribution varies according to the subject. Before we
discuss the implications of these ﬁndings, we will ﬁrst address a
simple mechanism that may account for the effect of the barrier
on feature attribution.3. The effect of the barrier on perceived motion
One explanation of the stopping of the feature attribution might
be that the barrier may be disrupting the motion percept in the
Ternus–Pikler display. If motion perception is disrupted, element
correspondences would be retinotopic and there would be no
non-retinotopic feature attribution (cf. Condition 1 ‘‘No-motion
control stimulus’’ in Experiment 1, Fig. 4). Along these lines, previ-
ous studies suggested that barriers or occluders can interfere with
motion correspondence (e.g., Shiffrar & Freyd, 1990; Yu & Craft,
2001). Based on these studies, one can speculate that the barrier
in the Ternus–Pikler display might also interfere with perceived
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Fig. 5. Results for Conditions 2 (No Barrier, see Fig. 2b) and 3 (Barrier, see Fig. 3) for ISI = 0 ms for the three subjects along with their average (bottom right panel). The dotted
horizontal lines represent chance level. Error bars show ±1 SEM.
M. Aydın et al. / Vision Research 51 (2011) 1861–1871 1865motion correspondence, hence, disrupting the motion-induced
grouping of individual elements. To test this hypothesis, we had
two approaches. A priori, the barrier can abolish the perception
of motion altogether in the Ternus–Pikler display or, alternatively,
it can interfere with the motion-grouping relations. To test the ﬁrst
case, we used a masking paradigm to quantify the effect of the bar-
rier on the strength of motion perception. We used pattern mask-
ing by structure (Bachmann, 1994; Breitmeyer & Ög˘men, 2000,
2006), in which the mask had a similar structure and spatially
overlapped with the target. Observers reported the perceived
direction of motion. If the barrier abolishes or reduces perceived
motion in the Ternus–Pikler display, the observers’ ability to report
leftward motion from rightward motion should decrease signiﬁ-
cantly in the presence of a barrier. In a second experiment, we as-
sessed motion-grouping relations by asking observers to report
whether they perceived element or group motion. If the barrier
interferes with motion-grouping relations, the percentage of ele-
ment versus group motion reports should change in the presence
of the barrier.
3.1. Experiment 2a: Masking the motion in the Ternus–Pikler display
3.1.1. Methods
The Barrier condition of Experiment 1 was run in the pres-
ence of a pattern mask. The mask, which consisted of a number
of line-segments, turned on and off synchronously with the two
frames of the Ternus–Pikler displays (Fig. 7). The central position
and the orientation of each masking line-segment were identical
in both frames and determined randomly for each trial. The
length of each masking line-segment was 21.3 arcmin, the sameas that of each line element of the Ternus–Pikler display. The
luminance of the masking line-segments was 4 cd/m2. There
was no mask during the ISI. To minimize possible position cues,
the barrier was always presented at the center of the screen and,
in randomly selected half of the trials, the barrier was placed be-
tween elements1 and 2 of Frame 2 (Barrier on the path) and on
the other half of the trials between elements 2 and 3 of Frame 2
(Barrier outside the path). Examples in Fig. 6 illustrate rightward
motion; mirror-symmetric versions of these stimuli were used to
generate leftward motion. The ISI was ﬁxed at 100 ms. The task
of the observer was to report the direction of motion of the Ter-
nus–Pikler display (right or left) which was randomized from
trial to trial. Depending on the response of the observer, the
number of line-segments in the mask was increased or de-
creased. A 3-down 1-up staircase method was used. Two inter-
leaved staircases tracked the trials for the two barrier
conditions. The number of masking line-segments at conver-
gence was recorded and used to quantify the perceived motion
strength for each of the barrier conditions. In a separate session,
the same conditions were run without the barrier in order to
have a baseline measurement of the motion strength for each
of the barrier conditions (because the barrier was always cen-
tered, the Ternus–Pikler displays had different horizontal posi-
tions in the two barrier conﬁgurations; see Fig. 7).
The idea is that the stronger the percept of motion, the more
masking line-segments will be needed to reduce performance to
a reference level. Thus, if the barrier has no signiﬁcant effect on
the strength of perceived motion, we expect to ﬁnd the same num-
ber of masking line-segments at convergence with and without the
barrier. If the barrier disrupts perceived motion, however, we
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Fig. 6. Results for Conditions 2 (No Barrier, see Fig. 2b) and 3 (Barrier, see Fig. 3) for ISI = 100 ms for the three subjects along with their average (bottom right panel). The
dotted horizontal lines represent chance level. Error bars show ±1 SEM.
1 2 3 1 2 3
Fig. 7. Stimulus displays for Experiment 2a. Same as in Fig. 3 except that a mask,
consisting of a number of line-segments with random orientations, was turned on
and off synchronously with the two frames of the Ternus–Pikler display. The
stimulus shown in the left (right) panel corresponds to the Barrier on the path
(Barrier outside the path) conditions. The barrier was always presented in the center
of the screen. Examples in this ﬁgure are for rightward motion. Mirror-symmetric
versions of these stimuli were used for leftward motion. The task of the observer
was to report the direction of motion (left or right) of the Ternus–Pikler display. The
ISI was ﬁxed at 100 ms.
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Fig. 8. Results of Experiment 2a. The number of masking lines at convergence for
the Barrier on the path and the Barrier outside the path cases along with their
baseline No Barrier conditions. Error bars represent ±1 SEM (N = 4).
1866 M. Aydın et al. / Vision Research 51 (2011) 1861–1871expect the number of masking line-segments to be less in the pres-
ence of the barrier.3.1.2. Results and discussion
Fig. 8 shows the average results across the observers. If the bar-
rier’s effect was to reduce the strength of perceived motion, one
would expect the number of lines to mask the perceived motion
to be less in the Barrier condition compared to the No-Barrier con-
dition. For the Barrier outside the path case, there is a reduction in
the motion strength, but this reduction is not signiﬁcant
[t(3) = 2.309, p = 0.104]. More importantly, for the Barrier on the
path case, where we found strong and consistent interference with
feature attribution, the results show that the number of masking
lines is virtually identical compared to baseline [t(3) = 0.145, p =
0.894] suggesting that the barrier did not affect the strength of per-
ceived motion.
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presence of a barrier
The previous experiment showed that the barrier did not affect
signiﬁcantly the strength of perceived motion as assessed by the
ability to report the direction of motion. However, since feature
attribution relies on the grouping relations between elements dur-
ing motion, it is also important to assess whether the barrier inﬂu-
enced element versus group motion percepts. If, for example, the
barrier reduces signiﬁcantly the group-motion percept, then the
probe-Vernier would be associated with Element 1 in the second
frame (Fig. 1 left). This would explain why the percentage of re-
sponses in agreement with the probe-Vernier would be high for
Element 1 and not for Element 2. To test this hypothesis, we dis-
played the Ternus–Pikler stimulus used in Experiment 1 and asked
observers to report whether they perceived element or group
motion.
3.2.1. Methods
Stimuli and methods were identical to those of Experiment 1,
Conditions 2 and 3, with the exception that (i) seven values of ISI
were used (0, 20, 40, 60, 80, 100, and 120 ms) and (ii) the task of
the observer was to report whether they perceived element or
group motion. Each experimental block corresponded to one of
the three conditions (Barrier on the path, Barrier outside the path,
or No Barrier) and the 7 ISI values were interleaved randomly with-
in each block. In one block, there were 10 trials for each ISI. Observ-
ers ran each block twice with the order of the conditions counter-
balanced. A psychometric function representing the percentage of
group motion reports as a function of ISI was obtained by ﬁtting
a cumulative Gaussian to the data.
3.2.2. Results and discussion
Fig. 9 shows the psychometric functions obtained under No Bar-
rier, Barrier outside the path, and Barrier on the path conditions. The
mean, l, and the standard deviation, r, for the ﬁtted cumulative
Gaussian functions were l = 33.35 ms and r = 42.44 ms for the
No Barrier case, l = 31.47 ms and r = 43.71 ms for the Barrier out-
side the path case, and l = 27.09 ms and r = 41.08 ms for the Barrier
on the path case, indicating a slight increase of group motion per-
cepts in the presence of the barrier. It is evident from these data
that the presence of the barrier did not reduce the perception of
group motion.
Taken together, results of Experiments 2a and 2b show that the
barrier had a negligible effect on motion, as measured by the per-
ceived direction as well as group motion reports. Hence, the lack of1.0
0.8
0.6
0.4
0.2
0 20 40 60 80 100
Fig. 9. Results of Experiment 2b. Percentage of group motion reports as a function
of ISI. Smooth curves show the ﬁtted cumulative Gaussian functions. Data averaged
over observers. Error bars correspond to ±1 SEM (N = 4).feature attribution observed in the Barrier condition cannot be
attributed to the disruption of motion. We interpret the effect of
the barrier as a disruption of the non-retinotopic feature attribu-
tion itself rather than on disruption of motion.4. Experiment 3: Contrast of the barrier
In this experiment, we changed the contrast of the barrier to
investigate how the interference of the barrier on feature attribu-
tion depends on the visibility of the barrier.
4.1. Methods
In Experiment 1 Condition 3, the luminance of the barrier was
4 cd/m2 corresponding to a Weber contrast of 90%. The No Barrier
condition of Experiment 1 corresponds to a barrier Weber contrast
of 0%. In order to investigate the effect of the barrier within this
contrast range, we used in this experiment intermediate contrast
luminances. All stimulus parameters, the design, and the task were
the same as in Experiment 1 Condition 3 with the following excep-
tions: (i) only the Barrier on the path case was used, (ii) only Ele-
ment 2 of Frame 2 was attended in a given session, (iii) the ISI
was ﬁxed at 100 ms, and (iv) four intermediate contrast values be-
tween 90% and 0% were used; viz., 62.5%, 50%, 37.5%, and 25% cor-
responding to luminance values of 15, 20, 25, and 30 cd/m2,
respectively. The different luminance values were interleaved in
a given session. There were 20 trials per luminance value in a given
session and each observer participated in at least eight sessions.
4.2. Results and discussion
Fig. 10 shows the average results across the observers along
with data from Experiment 1 from the same observers for No Bar-
rier and 4 cd/m2 (90% contrast) cases. The effect of contrast was
signiﬁcant [F(5, 10) = 6.535, p = 0.006] such that the percentage of
responses in agreement with the direction of the probe-Vernier in-
creased with increasing luminance (or decreasing contrast) of the
barrier. Hence, the visibility or the salience of the barrier inﬂuences
howmuch the barrier interferes with feature attribution. It is inter-
esting to note that, as the contrast of the barrier increased from 0%4 cd/m2
(90%)
15 cd/m2
(62.5%)
20 cd/m2
(50%)
25 cd/m2
(37.5%)
30 cd/m2
(25%)
Fig. 10. Results of Experiment 3. The perceived offset direction in Element 2 of
Frame 2 was reported at 100 ms ISI. The barrier was presented halfway between
Element 1 and Element 2 of Frame 2 (Fig. 3). The performance is plotted with
respect to the luminance of the barrier (the numbers in parentheses indicate the
Weber contrast of the barrier). The performance without the barrier and with
barrier at 4 cd/m2 (No Barrier and Barrier conditions from Experiment 1) are also
shown. Error bars represent ±1 SEM (N = 3).
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when the contrast of the barrier was increased from 62.5% to
90%, a signiﬁcant interference was found. In fact, although a sys-
tematic gradual decrease in performance can be seen in the data
for contrast values from 0% to 62.5%, this decrease is relatively
weak and if the 90% contrast condition is omitted from the analy-
sis, the experimental condition turns out to be not signiﬁcant
[F(4, 8) = 0.723, p = 0.600]. At 62.5% contrast, the barrier is highly
visible, yet its interference with feature attribution is negligible.
At 90% contrast the barrier has the same luminance as the Ter-
nus–Pikler elements. One possible interpretation could be that it
is not the absolute visibility of the barrier but instead its relative
visibility with respect to Ternus–Pikler elements that matters in
its ability to interfere with feature attribution.
5. Experiment 4: Spatial characteristics of the barrier
In this experiment, we investigated the spatial characteristics of
the barrier by introducing a gap in the center of the barrier. We
used different lengths for the gap to determine to what extent
the barrier has to overlap spatially with the motion path between
the grouped elements.
5.1. Methods
All stimulus parameters, the design, and the task were the same
as in Experiment 1 Condition 3 with the following exceptions: (i)
only the Barrier on the path case was used, (ii) only Element 2 of
Frame 2 was attended in a given session, (iii) the ISI was ﬁxed at
100 ms, and (iv) we inserted a gap with variable length in the cen-
ter of the barrier. We used three levels of gap corresponding to 8.5,
14.9, and 21.3 arcmin. The overall length of the barrier remained
constant at 29.9 arcmin. The different gap lengths were interleaved
in a given session. There were 20 trials per gap length in a given
session and each observer participated in at least eight sessions.
5.2. Results and discussion
Fig. 11 shows the average results including the data of Experi-
ment 1 (no Gap andNo Barrier conditions) from the same observers.
The effect of the gap was signiﬁcant [F(4, 8) = 6.461, p = 0.013] such
that the percentage of responses in agreement with the direction of
the probe-Vernier gradually increased with increasing gap size.Fig. 11. The effect of a gap in the barrier. Data from Experiment 1 are also included
for comparison (no Barrier and no Gap conditions). Error bars represent ±1 SEM
(N = 3).While a systematic effect of gap size can be seen in the data, intro-
duction of a small gap in the barrier reduced signiﬁcantly its inter-
ference effect. In fact, if the no gap condition is omitted from the
analysis, the experimental condition turns out to be not signiﬁcant
[F(3, 6) = 1.793, p = 0.249]. This ﬁnding suggests that the region
corresponding to the abutting line ends of the probe-Vernier is
important in non-retinotopic feature attribution.6. Experiment 5: Temporal characteristics of the barrier
In this experiment, we varied the onset and offset timing of the
barrier to investigate to what extent the barrier has to overlap in
time with the Ternus–Pikler display.6.1. Methods
All stimulus parameters, the design, and the task were the same
as in Condition 3 of Experiment 1 with the following exceptions: (i)
only the Barrier on the path case was run, (ii) only Element 2 of
Frame 2 was attended, (iii) the ISI was ﬁxed at 100 ms, and (iv)
the onset and the offset timing of the barrier were systematically
changed with respect to the Ternus–Pikler display. The deﬁnitions
of these onset and offset timings are depicted in Figs. 12 and 13.
The barrier onset asynchrony is the time interval between the
onset of the barrier and the onset of stimulus-Frame 1 of the
Ternus–Pikler display (Fig. 12). A barrier onset asynchrony value
of 0 corresponds to the simultaneous onset of the barrier and stim-
ulus-Frame 1, and negative values correspond to the cases where
the barrier onset precedes the onset of stimulus-frame 1. Barrier
onset asynchronies consisted of 400, 200, 0, 70, and 170 ms.
The barrier offset asynchrony is the time interval between the
offset of the barrier and the onset of stimulus-Frame 1 of the
Ternus–Pikler display (Fig. 13). Positive values for the barrier offset
asynchrony correspond to cases where the barrier offset occurs
after the onset of stimulus-Frame 1. Barrier offset asynchronies
consisted of 70, 170, 240, 440, and 640 ms.
Onset and offset conditions were run in separate sessions. In the
sessions in which the onset timing of the barrier was varied,
the offset value was ﬁxed at 840 ms with respect to the onset of
the stimulus-Frame 1. This corresponds to an interval of 600 ms
between the offset of the second stimulus-frame and the offset of
the barrier (Fig. 12). Similarly, in the sessions in which the offset
timing of the barrier was varied, the onset value was ﬁxed at
600 ms with respect to the onset of the stimulus-Frame 1
(Fig. 13). There were 20 trials per onset or offset value in a given
session and each observer participated in at least eight sessions.F1
F2
Barrier
600 ms
100 ms
70 ms
70 ms
Barrier Onset
Asynchrony
Fig. 12. Stimulus timing for the experiments where the barrier offset timing was
ﬁxed and the barrier onset timing varied. F1 and F2 represent the two frames of the
Ternus–Pikler stimulus.
F1
F2
Barrier
600 ms
100 ms
70 ms
70 ms
Barrier Offset
Asynchrony
Fig. 13. Stimulus timing for the experiments where the barrier onset timing was
ﬁxed and the barrier offset timing varied. F1 and F2 represent the two frames of the
Ternus–Pikler stimulus.
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Fig. 15. The effect of barrier offset asynchrony on feature attribution. The
horizontal solid line shows performance without the barrier with dashed horizontal
lines corresponding to ±1 SEM (data from Experiment 1). For comparison, barrier
offset asynchrony of 840 ms from Experiment 1 is also plotted. Error bars represent
±1 SEM (N = 3).
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Figs. 14 and 15 show the results for the onset and offset timing
conditions, respectively, averaged across observers. In each graph,
the solid horizontal line shows the data for the No Barrier condition
from Experiment 1 with the dashed horizontal lines indicating ±1
SEM. For comparison, barrier onset asynchrony of 600 ms and
barrier offset asynchrony of 840 ms data from the same observers
in Experiment 1 are also included. Statistically, the effect of onset
timing approached but did not reach signiﬁcance [F(6, 12) =
2.747, p = 0.064], while the effect of offset timing did
[F(6, 12) = 5.934, p = 0.004]. The effects of the barrier onset and off-
set timings do not appear to be monotonic. For the barrier onset
timing (Fig. 14) the effect of the barrier is stronger when the onset
of the barrier occurs long before the onset of the Ternus–Pikler dis-
play (barrier onset asynchrony = 600 ms) or when it is simulta-
neous with the onset of the Ternus–Pikler stimulus (barrier onset
asynchrony = 0 ms). Analogously, the effect of the barrier appears
to be stronger when the offset of the barrier occurs long after the
onset of the Ternus–Pikler display (barrier offset asyn-
chrony = 840 ms) or when it is simultaneous with the offset of
Frame 1 of the Ternus–Pikler stimulus (barrier offset asyn-
chrony = 70 ms). Taken together, these results suggest that one
way the barrier can be effective is to have a sustained presentation
with an onset and offset that extend by at least 600 ms beyond the
onset and offset of the Ternus–Pikler display. We will refer to this
as the ‘‘sustained action’’ of the barrier since no barrier transients
are introduced during the presentation of the Ternus–Pikler40
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Fig. 14. The effect of barrier onset asynchrony on feature attribution. The
horizontal solid line shows performance without the barrier with dashed horizontal
lines corresponding to ±1 SEM (data from Experiment 1). For comparison, barrier
onset asynchrony of 600 ms from Experiment 1 is also plotted. Error bars
represent ±1 SEM (N = 3).display. A second way the barrier can be effective is by introducing
an onset or offset transient at the time of the onset and offset,
respectively, of the ﬁrst frame of the Ternus–Pikler display (which
carries the physical Vernier information). We will refer to this as
the ‘‘transient action’’ of the barrier. For the transient action of
the barrier, two hypotheses immediately come to mind: transient
summoning of attention (Nakayama &Mackeben, 1989) and mask-
ing (Bachmann, 1994; Breitmeyer & Ög˘men, 2000, 2006). However,
as we will discuss in the next section, neither of these mechanisms
appears to inﬂuence feature attribution. A third possibility is that
the barrier may create additional motion correspondence ambigu-
ity and thereby interfere with motion grouping. In fact, feature
attribution in a Ternus–Pikler display of unequal number of ele-
ments (e.g., four in the ﬁrst frame and three in the second frame)
results in ambiguities in the sense that a Vernier offset in one of
the elements in the ﬁrst frame may be attributed to more than
one element in the second frame (Otto et al., 2008). If the Vernier
were to be attributed to the barrier instead of the element attended
by the observer, the percentage of responses in agreement with the
probe-Vernier would be less with the barrier than without the bar-
rier. However, because the barrier is longer than the Ternus–Pikler
elements, we do not expect the barrier to group with Ternus–Pikler
elements (He & Ooi, 1999) and thus we expect this effect to be
rather small. Indeed, phenomenally, the barrier appeared to be dis-
tinct from Ternus–Pikler elements, a percept reinforced by the fact
that either the onset or the offset of the barrier timing was drasti-
cally different than those of the Ternus–Pikler elements.7. General discussion
The human visual system can correctly attribute various fea-
tures to objects although these features are intermingled in the
retinotopic representation. Recently, by using the Ternus–Pikler
display, we have shown that perceived motion correspondences,
according to the grouping of stimuli over space and time, serve
as the medium for the attribution of features to objects (Boi
et al., 2009; Breitmeyer et al., 2008; Otto et al., 2006, 2008; Ög˘men
et al., 2006). The purpose of the work reported here was to assess
whether perceived motion correspondences provide a sufﬁcient
condition for feature attribution. Our results showed that a static
barrier introduced along the path of feature attribution can inter-
fere and effectively stop feature attribution.
If a barrier can interfere with feature attribution without affect-
ing perceived motion correspondences, then perceived motion cor-
respondences do not provide a sufﬁcient condition for feature
attribution. What other factors could be controlling this process?
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signiﬁcantly in the presence of reference stimuli (White, Levi, &
Aitsebaomo, 1992), the barrier might be serving as a stationary
retinotopic reference thereby disambiguating the position of the
probe-Vernier within the Ternus–Pikler display. This may be par-
ticularly true for the sustained action of the barrier, in which case
a long lasting and stable reference is available during stimulus pre-
sentation. This may explain some of our ﬁndings: For example,
when the barrier is outside the path of feature attribution, we
found a dichotomic outcome depending on the subject. It is possi-
ble that some subjects used the barrier as a reference while others
did not. However, our data suggest that the reference effect of the
barrier is not likely to be the sole factor: In Experiment 3, a barrier
of 62.5% contrast, which would constitute a highly visible refer-
ence, had nonetheless only a negligible effect on feature attribution
(Fig. 10). In Experiment 4, the introduction of a small gap into the
barrier should not a priori hinder its ability to serve as a reference
for the location of the probe-Vernier stimulus. Our results show, in
contrast, that the introduction of a small gap reduces signiﬁcantly
the interference effect (Fig. 11). Taken together, these observations
suggest that, while the spatial (retinotopic) reference-effect of the
barrier may be one of the interfering factors with feature attribu-
tion process, other factors that depend on the relationship between
the barrier and the Ternus–Pikler elements are likely to play a
more signiﬁcant role.
Another possibility is that the addition of the barrier can induce
crowding type effects (rev.: Levi, 2008) interfering with the percep-
tion of features. Because our stimuli were centered in the fovea, the
dimensions of our stimuli and the separation between the ele-
ments (14.9 arcmin between the elements of the Ternus–Pikler
stimulus, which is reduced to 7.4 arcmin with the addition of the
barrier) suggest that traditional crowding effects should be small,
if any (Flom, Heath, & Takahashi, 1963; Jacobs, 1979; Strasburger,
Harvey, & Rentschler, 1991; Toet & Levi, 1992). Furthermore, para-
metric dependence of barrier interference also argues against a tra-
ditional crowding mechanism. For example, we found the barrier
effect is strongly diminished when the contrast of the barrier
was reduced. However, the contrast levels at which the barrier
effects vanishes are still high enough to generate strong crowding
effects (Chung, Levi, & Legge, 2001).
The presence of the barrier can draw attentional resources. It
has been shown that the percentage of group motion percepts de-
creases when attentional resources are diverted away from the
Ternus–Pikler stimulus (Aydın, Herzog, & Ög˘men, 2011). However,
the results of Experiment 2b suggest that the presence of the bar-
rier in our stimulus did not draw signiﬁcant attentional resources
to modulate group versus element motion percepts. It is stillA B
Fig. 16. Dual organization in perceptual grouping. (A) The dual organization consists of
three stars within the red vertical groups, i.e., the star at the top of the leftmost red colum
rightmost red column forming a diagonal group. (B) When color grouping is abolished,
vertical organization is necessary for the formation of the diagonal group of stars. (C) Int
affecting the diagonal color-based perceptual organization. (For interpretation of the refe
article.)possible that some attentional resources were drawn away from
the Ternus–Pikler display and, assuming that attention is required
for feature attribution, the feature attribution process may be sen-
sitive enough to suffer from this attentional modulation. In the Ter-
nus–Pikler display, the Vernier information presented in the ﬁrst
frame is attributed according to the perceived motion grouping.
For example, in group motion, the central element in the ﬁrst
frame appears to move to the central element in the second frame,
hence, the Vernier offset is perceived in the central element of the
second frame. In addition, if a Vernier offset is also introduced to
the central element of the second frame, the Verniers presented
in the ﬁrst and second frame are integrated in the sense that, if
the two Verniers have same offset-direction, performance is en-
hanced; if the two Verniers have opposite offset directions, they
can cancel each other (Scharnowski et al., 2007; Ög˘men et al.,
2006). Recently, we investigated the role of attention in feature
attribution and integration by using a sequential metacontrast par-
adigm where two motion streams emerge from a common element
(Otto, Ög˘men, & Herzog, 2010). By using a cueing paradigm, we
provided evidence that feature attribution and integration within
a motion stream is guided by motion grouping and not by atten-
tion. Therefore, attention is not likely to account for the barrier ef-
fects observed here.
Besides crowding, masking is another candidate mechanism
for the barrier interference. However, as demonstrated by the
sequential masking paradigm, the element carrying the Vernier
information can be completely masked yet its Vernier offset is
still attributed to other elements in the motion stream (Otto
et al., 2006). Thus masking is not likely to account for barrier
effects.
The experiment where we varied the contrast of the barrier sug-
gests that it is not the visibility or the salience of the barrier per se
but rather its similarity to the Ternus–Pikler elements that matters.
Hence, a similarity-based process would be a candidate for the sus-
tained action of the barrier. Experiment 2 shows that the barrier
does not affect motion-grouping relations. Therefore, what may
be in action here is a dual organization process: Motion grouping
and correspondences provide one level of organization and attribu-
tion and integration of features within motion groups provide a
second level of organization. The barrier appears to interfere with
the latter but not the former.
Fig. 16 provides an illustration of this idea. Note that the exam-
ple in Fig. 16 is a static stimulus and hence does not constitute a
completely homologous case to the stimulus studied herein; how-
ever, it can convey the basic idea. The dual organization in Fig. 16A
consists of (i) vertical groups based on color similarity and (ii) the
diagonal organization of the three stars within the red verticalC
(i) vertical groups based on color similarity and (ii) the diagonal organization of the
n, the star at the center of the central red column and the star at the bottom of the
the diagonal stars do not appear as a salient group anymore. Thus, the color-based
roduction of additional stars can interfere with the diagonal group of stars without
rences to color in this ﬁgure legend, the reader is referred to the web version of this
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at the center of the central red column and the star at the bottom of
the rightmost red column forming a diagonal group. Just as motion
grouping is necessary for feature attribution, the color-based verti-
cal organization is necessary for the formation of this diagonal
group of stars. As shown in Fig. 16B, if color grouping is abolished,
the stars at the upper portion of the ﬁgure tend to group together
and the diagonal group of stars looses its saliency. Assume that
additional elements are introduced to the display as shown in
Fig. 16C. The addition of these elements has no effect on color-
based grouping, analogous to the observation that the addition of
the barrier in the Ternus–Pikler display has no effect on motion
grouping. However, these added elements do interfere with the
second level of organization, and the salience of the diagonal group
of stars is highly reduced, in analogy to the disruption of feature
attribution caused by the barrier.
Since the attribution of features does not obey retinotopic rela-
tions and occurs in a non-retinotopic space (Ög˘men, 2007; Ög˘men
& Herzog, 2010; Ög˘men et al., 2006), it is very likely that the locus
of this feature attribution (or integration) process resides at a high-
er level in the visual hierarchy. The fact that the feature attribution
follows the rules of high-level perceptual grouping also supports
this proposition. The grouping relations which control this feature
attribution process are established by motion signals and these
motion signals are likely to be computed in a separate, motion sen-
sitive visual area. In this scheme, it appears that the barrier does
not disrupt the computation of motion signals which establish
the pair-wise grouping of the elements. This reasoning follows
from the results of Experiment 2 in which we showed that the bar-
rier had no effect on motion strength nor on motion grouping
although the feature attribution broke down. The dual organization
approach posits that the barrier interferes directly with the non-
retinotopic feature attribution process. Overall, these results sug-
gest complex interactions between form and motion systems as
well as between low- and high-level mechanisms in the form sys-
tem itself. Clearly, future experiments are needed to pinpoint the
exact mechanisms and loci of this feature attribution process and
to reveal how the barrier stops it.Acknowledgments
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